This work presents an energetic, exergoeconomic, environmental, and toxicity analysis of the simple gas turbine M501F3 based on a parametric analysis of energetic (thermal efficiency, fuel and air flow rates, and specific work output), exergoeconomic (exergetic efficiency and exergoeconomic operation costs), environmental (global warming, smog formation, acid rain indexes), and human toxicity indexes, by taking the compressor pressure ratio and the turbine inlet temperature as the operating parameters. The aim of this paper is to provide an integral, systematic, and powerful diagnostic tool to establish possible operation and maintenance actions to improve the gas turbine's exergoeconomic, environmental, and human toxicity indexes. Despite the continuous changes in the price of natural gas, the compressor, combustion chamber, and turbine always contribute 18.96%, 53.02%, and 28%, respectively, to the gas turbine's exergoeconomic operation costs. The application of this methodology can be extended to other simple gas turbines using the pressure drops and isentropic efficiencies, among others, as the degradation parameters, as well as to other energetic systems, without loss of generality.
Introduction
Gas turbines have become a core technology for converting the chemical energy of fossil fuels into shaft work used to mechanically drive compressors, pumps, and electrical generators in the industries of electrical power, oil and gas, iron and steel, and mining [1, 2] . However, this conversion process produces a waste stream corresponding to the exhaust gases at high temperatures, which are released into the environment. The composition of these gases includes greenhouse gases such as steam, carbon dioxide, and methane; contaminant gases, for example, carbon monoxide, nitrogen oxides, and unburned fuels; and particulate material such as ashes. This stream is known as residue and its results are essential for evaluating the sustainability of the gas turbine operation, to establish recommendations to reduce the environmental impact of their operation, and to recover the energy content of the exhaust gases.
In Mexico, conventional thermoelectric power plants burn natural gas, carbon, or oil to generate steam, which is the working fluid of a steam cycle. These plants are repowered into combined cycle plants by coupling a gas turbine to the steam cycle of the conventional plant via a heat recovery steam 100. 18-408.78 kg·CO2/MWh, while the environmental impact cost rate is $40. .97/h. The authors only compute the normalized CO2 emission with respect to the unit net power output; they do not include other indexes, such as global warming, smog formation, acid rain formation, and human toxicity [17] .
The aim of this work is to present a methodology based on exergetic, exergoeconomic, environmental, and toxicity analysis to estimate the irreversibilities and exergetic efficiencies of each of the main components of the MF501F3 gas turbine, as well as to find the exergoeconomic operation costs and environmental and human toxicity indexes by pursuing a parametric analysis of these indexes, taking the compressor pressure ratio and the turbine inlet temperature as the operation parameters. This analysis is useful to evaluate each component, as well as the overall system; and to provide possible operation conditions enhancing the gas turbine performance and reducing its impact on the environment. In addition, the influence of the monthly fluctuations of the natural gas on the power generation costs caused is assessed.
Methods

M501F3 System Description
The exergoeconomic analysis is applied to a Mitsubishi M501F3 gas turbine (Mitsubishi, Tuxpan, Mexico), rated to provide 183.78 MW with a pressure ratio of 16 and a turbine inlet temperature of 1400 °C [18] . The gas turbine actual operating conditions are: πc = 16, TIT = 1300 °C, and Ẇm = 139.2 MW [19] .
A parametric analysis of the gas turbine in terms of the turbine inlet temperature and the compressor pressure ratio is pursued and based on the application of the exergetic and exergoeconomic methodologies to the gas turbine using the actual operating conditions, in order to quantify the exergetic losses, exergetic efficiencies, and exergetic and exergoeconomic costs of each component of the gas turbine.
Thermodynamics of a Gas Turbine Power Plant
A simple gas turbine consists of a compressor, a combustion chamber, and a turbine, as depicted in the schematic diagram in Figure 1 . The thermodynamic properties and the energy and exergy balances, as well as the productive structure of the gas turbine, are obtained on the basis of Figure 1 . A simple gas turbine operates on the thermodynamic cycle presented in the exergy-enthalpy diagram of Figure 2 , in which air entering the compressor at state 1 is compressed to some higher pressure at state 2. Leaving the compressor, air enters the combustion chamber, where combustion occurs by fuel injection. A pressure drop takes place in the combustion process, by the mixing, burning, and cooling phenomena. The exhaust gases leave the combustion system and enter the A simple gas turbine operates on the thermodynamic cycle presented in the exergy-enthalpy diagram of Figure 2 , in which air entering the compressor at state 1 is compressed to some higher pressure at state 2. Leaving the compressor, air enters the combustion chamber, where combustion occurs by fuel injection. A pressure drop takes place in the combustion process, by the mixing, burning, and cooling phenomena. The exhaust gases leave the combustion system and enter the turbine; the hot gases are expended at state 4, at a higher pressure than the air pressure at state 1, to generate the useful output power. turbine; the hot gases are expended at state 4, at a higher pressure than the air pressure at state 1, to generate the useful output power. The expression of the compressor pressure ratio maximizing the useful specific work output can be written as follows [20] :
( ) 
The thermal efficiency of the gas turbine as a function of the compressor pressure ratio, the pressure losses, the fuel/air ratio, the ratio of the specific heat capacities at constant pressure of the combustion gases and the air, and the ratio of the maximum and minimum cycle temperature can be expressed by using the following expression [20] : 
The expression of the air flow rate required to generate a demanded power output is given by:
The fuel flow rate is determined by:
The combustion gases flow rate, which depends on the air flow rate and the fuel/air ratio, can be written as follows:
The physical exergy rate of the thermodynamic states of air and combustion gases of the gas turbine, respectively, are determined by the following expressions: The expression of the compressor pressure ratio maximizing the useful specific work output can be written as follows [20] :
The thermal efficiency of the gas turbine as a function of the compressor pressure ratio, the pressure losses, the fuel/air ratio, the ratio of the specific heat capacities at constant pressure of the combustion gases and the air, and the ratio of the maximum and minimum cycle temperature can be expressed by using the following expression [20] :
The physical exergy rate of the thermodynamic states of air and combustion gases of the gas turbine, respectively, are determined by the following expressions:
.
E i "
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The maximum rate of conversion of thermal energy to power is given by:
The required compressor power can be expressed as:
Since the exergy rate of the stream six is equal to the power output generated by the gas turbine, the following expression is then derived:
The exergetic efficiency of each of the gas turbine components is defined as:
Exergy flow rate Product Exergy flow rate Fuel .
The exergetic efficiency of the gas turbine is defined as the ratio of the exergy rate of the stream six to the exergy rate input:
Natural Gas Composition
The composition of natural gas varies from deposit to deposit, and even from time to time during extraction. The natural gas volumetric composition used in this work is shown in Table 1 [21] . Table 1 . Natural gas volumetric composition.
Gas Component
Chemical Formula Volumetric Composition (mole) In this work, the gas turbine operation is assumed to occur under the ambient and actual operating conditions presented in Table 2 . The dead state is assumed to be the same as the ambient conditions state. 
Exergetic and Exergoeconomic Costs of the Streams of Gas Turbine
The productive structure of a gas turbine cycle is illustrated in Figure 3 , which is a graphical representation of the fuels and products of each component of the gas turbine. The inlet arrows entering to rectangles are the fuels, and the outlet arrows are the products of the corresponding components. This figure shows the fuels and products of each component required to generate an output power. The main resource is the exergy flow rate of the fuel, which is provided to the combustion chamber (f). The turbine uses as fuel the exergy flow of the combustion gases (3)-(4), which are expanded on it, and has as products the power output (stream 6, final product of the system) and the power to drive the compressor (stream 5, fuel of the compressor). The product of the compressor is the exergy flow due to the rise in air pressure (2)-(1). The product of combustion chamber is the exergy flow resulting from the rise in the compressed air temperature (3)-(2); a fraction of this exergy flow corresponds to the fuel of the turbine, and the rest is the residue sent into the environment (stream 4). 
The productive structure of a gas turbine cycle is illustrated in Figure 3 , which is a graphical representation of the fuels and products of each component of the gas turbine. The inlet arrows entering to rectangles are the fuels, and the outlet arrows are the products of the corresponding components. This figure shows the fuels and products of each component required to generate an output power. The main resource is the exergy flow rate of the fuel, which is provided to the combustion chamber (f). The turbine uses as fuel the exergy flow of the combustion gases (3)-(4), which are expanded on it, and has as products the power output (stream 6, final product of the system) and the power to drive the compressor (stream 5, fuel of the compressor). The product of the compressor is the exergy flow due to the rise in air pressure (2)-(1). The product of combustion chamber is the exergy flow resulting from the rise in the compressed air temperature (3)-(2); a fraction of this exergy flow corresponds to the fuel of the turbine, and the rest is the residue sent into the environment (stream 4). The exergetic and exergoeconomic costs, presented in Table 3 , are derived by carrying out exergetic and exergoeconomic balances to each component and stream of the system, as well as by using the propositions of the exergoeconomy theory. 
Component Exergetic Costs Exergoeconomic Costs
The exergoeconomic cost is the product of the unitary cost exergoeconomic and the exergy rate: The exergetic and exergoeconomic costs, presented in Table 3 , are derived by carrying out exergetic and exergoeconomic balances to each component and stream of the system, as well as by using the propositions of the exergoeconomy theory. Table 3 . Exergetic and exergoeconomic costs balance equations.
Component
Exergetic Costs Exergoeconomic Costs
External Resources E1 "
The unitary exergetic cost is defined as the ratio of the exergetic cost to the exergy rate and can be written as:
The exergoeconomic cost is the product of the unitary cost exergoeconomic and the exergy rate:
This analysis assumes the cost of natural gas is c f = 2.031 USD/GJ, while the cost of air is zero, c 1 = 0 [22] .
The balances of exergetic and exergoeconomic costs expressed in a dot-matrix form correspond to a system of linear equations of dimension 7ˆ7, which can be expressed as:
where A is the matrix of exergetic and exergoeconomic costs given by
In Equations (15) and (16) 
The system of linear equations is solved simultaneously to derive the expressions of the exergetic and exergoeconomic costs of the streams of gas turbine, which are presented in Table 4 . Table 4 . Exergetic and exergoeconomic costs in terms of the exergy flows of the gas turbine streams.
Exergetic Costs det pAq "
E f
The exergoeconomic operation cost is the cost required for equipment to carry out its productive functions. This cost is associated with the exergy destruction of an equipment or process, and can only be obtained by pursuing an exergoeconomic analysis. The exergoeconomic operation cost of a piece of equipment corresponds to the cost of additional fuel flow required to cover the exergy destruction, at the same time that generates the same product exergy flow:
where
The mathematic models of the exergoeconomic operation costs of the compressor, the combustion chamber, the turbine, and the overall gas turbine are presented in Table 5 . These are expressed in terms of the compressor pressure ratio, turbine inlet temperature, the low heating value of fuel, the adiabatic flame temperature, the compressor and turbine efficiencies, the price of fuel, and the ambient temperature, among others. Table 5 . Exergoeconomic operation costs.
Component
Exergoeconomic Operation Costs (EOC)
From the inspection of the mathematical models of the operation exergetic and exergoeconomic costs, we can see that their values increase when the compressor and/or turbine isentropic efficiencies decrease.
Environmental Potentials of Gas Turbine Emissions
The values of the Global Warming, Acid Rain, Smog Formation, and Human Toxicity potentials are shown in Table 6 [23] [24] [25] [26] . The global warming potential of CO is greater than that of CO 2 ; nevertheless, the values of acid rain and smog formation potential for CO and CO 2 are 0. Table 6 . Global warming, acid rain, smog formation, and human toxicity potentials.
Gas Emission
GWP (kg CO The global warming, smog formation, acid rain, and human toxicity indexes are a function of (1) the technological parameters π c , π t , η c , η t , and TIT; (2) the thermodynamic parameters rfa, c Pgc , 
pπ c x a´1 q r"s g Pb eq kWh (22)
Results and Discussion
Actual Operating Conditions
The values of temperature, pressure, enthalpy, entropy, and exergy flow rate of each state of the gas turbine M501F3 in the operation conditions depicted in Table 1 are presented in Table 7 . Table 7 . GT power plant thermodynamic states and exergetic streams.
Stream
T (˝C) P (bar)
m (kg/s) h (kJ/kg) s (kJ/kg¨K)
. The computed values of the fuel flow rate, the thermal efficiency of the gas turbine, and the exergy flow rate of the fuel consumption are given, respectively, by:
E f (kW)
. m f " 7.68 kg{s, η th GT " 36.61 %, . E f " 332, 166.73 kW.
By substituting the pertinent values in the expressions of Table 3 , the obtained values of the exergetic and exergoeconomic costs of each stream are summarized in Table 8 . Table 8 . Exergetic and exergoeconomic costs of the gas turbine streams. In Table 8 , kF is the unitary exergetic cost of the fuels for each component. For the combustion chamber, kF " kf ; for the compressor, kF " k5 ; and, for the turbine, kF " k3 . The unitary fuel exergoeconomic costs are obtained analogically.
The computed values of the fuel and product irreversibilities, exergetic efficiency, and operation exergetic and exergoeconomic costs of each component of the gas turbine are presented in Table 9 . These results are obtained on the basis of the productive structure of the gas turbine of the Figure 3 and the exergoeconomic methodology, as explained above. Table 9 . Fuel and product, irreversibilities, exergetic efficiency, and exergetic and exergoeconomic operation costs. The exergetic efficiency and the exergetic and exergoeconomic operation costs of gas turbine are η exGT = 41.90% and EOC GT = 627.79 USD/h, respectively. The results of the global warming, smog formation, acid rain, and human toxicity indexes are shown in Table 10 for the operation conditions presented in Table 11 . The values of the global warming and the smog formation indexes are within the intervals reported by Turconi [24] , which correspond to 380-1000 g CO 2 eq {kWh and 0.2-3.8 g NOx eq /kWh, respectively. Nevertheless, the value of the acid rain index is greater than the values reported by Turconi (0.01-0.32 g SO 2 eq {kWh). For gas turbine operation, no values for the human toxicity index have been reported in the scientific literature. A parametric analysis is pursued to evaluate the Mitsubishi M501F3 gas turbine performance, environmental indexes and human toxicity index, irreversibilities, and the exergetic and exergoeconomic costs. In this parametric analysis, the turbine inlet temperature, the compressor pressure ratio, and the fuel flow rate are taken as the parameters.
The gas turbine irreversibility flow rates are presented in the Grassmann diagram in Figure 4 . The chemical reactions occurring in the combustion process cause an irreversibility flow of 47,997.44 kW. The addition of excess air at different temperatures, for being mixed with the combustion gases to diminish the turbine inlet temperature, generates an irreversibility flow of 45,517.43 kW. The irreversibility flows produced by the turbine and the compressor are 10,467.08 kW and 6,822.96 kW, respectively. The exergy flow of exhaust gases is 130,159.25 kW, and of the gas turbine power output is 139,200 kW. The chemical reactions occurring in the combustion process cause an irreversibility flow of 47,997.44 kW. The addition of excess air at different temperatures, for being mixed with the combustion gases to diminish the turbine inlet temperature, generates an irreversibility flow of 45,517.43 kW. The irreversibility flows produced by the turbine and the compressor are 10,467.08 kW and 6,822.96 kW, respectively. The exergy flow of exhaust gases is 130,159.25 kW, and of the gas turbine power output is 139,200 kW. 
Parametric Analysis
The behavior of the exergetic efficiency of the compressor, combustion chamber, turbine, and the overall gas turbine as a function of the specific work output delivered by the gas turbine, for different turbine inlet temperatures and different values of compressor pressure ratios, is depicted in Figure 5 . In this figure, point A is the actual operating conditions, with a turbine inlet temperature of 1300 °C and a compressor pressure ratio of 16; point B represents one design operating condition associated to a turbine inlet temperature of 1400 °C and a compressor pressure ratio of 16, the same for point A; point C is the condition for which the gas turbine provides the maximum specific work output for the same turbine inlet temperature of point A, and with an optimum pressure ratio of 15.21; and point D is the condition of minimum fuel flow rate for the compressor pressure ratio of points A and B and a turbine inlet temperature of 1100 °C. The computed values of fuel flow, specific work output, thermal efficiency; the exergoeconomic operation costs and exergetic efficiency of the 
The behavior of the exergetic efficiency of the compressor, combustion chamber, turbine, and the overall gas turbine as a function of the specific work output delivered by the gas turbine, for different turbine inlet temperatures and different values of compressor pressure ratios, is depicted in Figure 5 . In this figure, point A is the actual operating conditions, with a turbine inlet temperature of 1300˝C and a compressor pressure ratio of 16; point B represents one design operating condition associated to a turbine inlet temperature of 1400˝C and a compressor pressure ratio of 16, the same for point A; point C is the condition for which the gas turbine provides the maximum specific work output for the same turbine inlet temperature of point A, and with an optimum pressure ratio of 15.21; and point D is the condition of minimum fuel flow rate for the compressor pressure ratio of points A and B and a turbine inlet temperature of 1100˝C. The computed values of fuel flow, specific work output, thermal efficiency; the exergoeconomic operation costs and exergetic efficiency of the gas turbine cycle; and the environmental and human toxicity indicators at the operating conditions of points A, B, C, and D are summarized in Table 12 .
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For a given turbine inlet temperature, it can be observed from Figure 5a -d that there exists a pressure ratio maximizing the specific work output. The behavior of the exergetic efficiency as a function of specific work output for the main components of the gas turbine and the engine itself observed from these figures is as follows:
•
The compressor exergetic efficiency increases as the compressor pressure ratio increases, as can be seen in Figure 5a .
The combustion chamber exergetic efficiency presents an increasing tendency with respect to the compressor pressure ratio, as seen in Figure 5b .
The expansion turbine exergetic efficiency is a decreasing function of the compressor pressure ratio, as shown in Figure 5c . • The gas turbine exergetic efficiency increases with the compressor pressure ratio of the compressor, as can be seen in Figure 5d .
For a given compressor pressure ratio, the relationships between the specific work output on the exergetic efficiency of the gas turbine components and the gas turbine varying the turbine inlet temperature are listed below:
• The compressor exergetic efficiency has no influence on the specific work output, which means that for this component the exergetic efficiency is not a function of the turbine inlet temperature, as can be noted from The profiles of the exergoeconomic operation costs of the compressor, combustion chamber, turbine, and the gas turbine cycle as a function of the fuel flow rate for different turbine inlet temperatures and different values of compressor pressure ratios are shown in Figure 6 . For a given turbine inlet temperature, it can be observed from Figure 5a -d that there exists a pressure ratio maximizing the specific work output. The behavior of the exergetic efficiency as a function of specific work output for the main components of the gas turbine and the engine itself observed from these figures is as follows:
‚
The expansion turbine exergetic efficiency is a decreasing function of the compressor pressure ratio, as shown in Figure 5c .
The gas turbine exergetic efficiency increases with the compressor pressure ratio of the compressor, as can be seen in Figure 5d . For a given compressor pressure ratio, the relationships between the specific work output on the exergetic efficiency of the gas turbine components and the gas turbine varying the turbine inlet temperature are listed below:
The compressor exergetic efficiency has no influence on the specific work output, which means that for this component the exergetic efficiency is not a function of the turbine inlet temperature, as can be noted from Figure 5a .
The combustion chamber exergetic efficiency decreases as the turbine inlet temperature increases, as can be inferred from Figure 5b .
The turbine exergetic efficiency is an increasing function on the turbine inlet temperature, as can be seen in Figure 5c . ‚ The gas turbine exergetic efficiency accepts a turbine inlet temperature maximizing its exergetic efficiency. This critical temperature minimizes the fuel flow rate by keeping constant the compressor pressure ratio, as depicted in Figure 5d .
The profiles of the exergoeconomic operation costs of the compressor, combustion chamber, turbine, and the gas turbine cycle as a function of the fuel flow rate for different turbine inlet temperatures and different values of compressor pressure ratios are shown in Figure 6 . Figure 6 shows that for each turbine inlet temperature, the exergoeconomic operation costs of:
• the compressor reach a minimum value for the compressor pressure ratio generating the maximum useful specific work output, and consequently the minimum air flowing rate. However, the fuel flow as a function of the compressor pressure ratio presents a minimum in the compressor pressure ratio used to obtain the maximum gas turbine thermal efficiency (see Figure 6a ); • the combustion chamber and the fuel flow rate are monotonically decreasing functions of the compressor pressure ratio, as shown in Figure 6b ; • the turbine and the fuel flow rate present strictly increasing and decreasing behavior, respectively, as the compressor pressure ratio increases, as can be seen in Figure 6c ; and • the gas turbine cycle, as well as the fuel flow, decrease when the compressor pressure ratio increases (see Figure 6d ).
From the same figure, it can be observed that for a given compressor pressure ratio the exergoeconomic operation costs of:
• the compressor present decreasing behavior as the turbine inlet temperature increases, as shown in Figure 6a ; • the combustion chamber and the fuel flow rate increase with an increase in the turbine inlet temperatures. It also must be pointed out that a specific turbine inlet temperature minimizes the fuel flow rate (see Figure 6b ); • the turbine decrease as the turbine inlet temperature increases, and the fuel flow reaches a minimum value for a given turbine inlet temperature, as illustrated in Figure 6c . • the gas turbine cycle and the fuel flow rate decrease when the turbine inlet temperature decreases. However, it must be noted that there is a turbine inlet temperature maximizing the fuel flow rate, as shown in Figure 6e .
The effect of the specific work output provided by the gas on the profiles of the gas turbine thermal efficiency, exergetic efficiency, and the exergoeconomic operation costs of the gas turbine and their components is shown in Figure 7 for a turbine inlet temperature of 1300 °C and varying the compressor pressure ratio (Figure 7a ), and for a compressor pressure ratio of 16 with variations in the turbine inlet temperature (Figure 7b ). ‚ the compressor reach a minimum value for the compressor pressure ratio generating the maximum useful specific work output, and consequently the minimum air flowing rate. However, the fuel flow as a function of the compressor pressure ratio presents a minimum in the compressor pressure ratio used to obtain the maximum gas turbine thermal efficiency (see Figure 6a) ; ‚ the combustion chamber and the fuel flow rate are monotonically decreasing functions of the compressor pressure ratio, as shown in Figure 6b ; ‚ the turbine and the fuel flow rate present strictly increasing and decreasing behavior, respectively, as the compressor pressure ratio increases, as can be seen in Figure 6c ; and ‚ the gas turbine cycle, as well as the fuel flow, decrease when the compressor pressure ratio increases (see Figure 6d ).
‚ the compressor present decreasing behavior as the turbine inlet temperature increases, as shown in Figure 6a ; ‚ the combustion chamber and the fuel flow rate increase with an increase in the turbine inlet temperatures. It also must be pointed out that a specific turbine inlet temperature minimizes the fuel flow rate (see Figure 6b) ; ‚ the turbine decrease as the turbine inlet temperature increases, and the fuel flow reaches a minimum value for a given turbine inlet temperature, as illustrated in Figure 6c . ‚ the gas turbine cycle and the fuel flow rate decrease when the turbine inlet temperature decreases. However, it must be noted that there is a turbine inlet temperature maximizing the fuel flow rate, as shown in Figure 6e .
The effect of the specific work output provided by the gas on the profiles of the gas turbine thermal efficiency, exergetic efficiency, and the exergoeconomic operation costs of the gas turbine and their components is shown in Figure 7 for a turbine inlet temperature of 1300˝C and varying the compressor pressure ratio (Figure 7a ), and for a compressor pressure ratio of 16 with variations in the turbine inlet temperature (Figure 7b ).
(a) (b) Figure 7 . Effect of the specific work output provided by the gas on the profiles of the gas turbine thermal efficiency, exergetic efficiency, and exergoeconomic operations costs of the gas turbine and its components (a) for TIT = 1300 °C and with variations of the compressor pressure ratio; and (b) for πC = 16 with variations of the turbine inlet temperature.
The gas turbine thermal and exergetic efficiencies present the same behavior with respect to the specific work output in both Figure 7a and b. On the one hand, the thermal efficiency is lower than the exergetic efficiency, since the exergetic efficiency corresponds to the thermal efficiency affected by the Carnot factor, which in this case takes the value of 0.8737. On the other hand, the gas turbine Figure 7 . Effect of the specific work output provided by the gas on the profiles of the gas turbine thermal efficiency, exergetic efficiency, and exergoeconomic operations costs of the gas turbine and its components (a) for TIT = 1300˝C and with variations of the compressor pressure ratio; and (b) for π C = 16 with variations of the turbine inlet temperature. The gas turbine thermal and exergetic efficiencies present the same behavior with respect to the specific work output in both Figure 7a ,b. On the one hand, the thermal efficiency is lower than the exergetic efficiency, since the exergetic efficiency corresponds to the thermal efficiency affected by the Carnot factor, which in this case takes the value of 0.8737. On the other hand, the gas turbine exergoeconomic operation costs increase by diminishing the exergetic efficiency and this decrease is proportional to the factor (1 -η exTG ) .
For a turbine inlet temperature of 1300˝C, it can be observed from Figure 7a that the specific work output delivered by the gas turbine, understood as a function of the compressor pressure ratio, has a critical compressor pressure ratio (π op w m in Figure 7a ) maximizing it. This fact leads to the existence of two different compressor pressure ratios associated to the same specific work output. However, these points also have different thermal and exergetic efficiencies, as well as different exergoeconomic operation costs. For example, points E and F of Figure 7a are related to a specific work output of 441.78 kJ/kg and a compressor pressure ratio of 12.91 and 19.11, respectively. In this way, the efficiencies of point E are lower than those of point F, and the exergoecomomic operation costs of point E are therefore greater than those of point F. For the operation range of Figure 7a , the exergoeconomic operation costs of the gas turbine and its components present the same behavior; nevertheless, the combustion chamber is the main contributor to the gas turbine's exergoeconomic operation costs.
For a compressor pressure ratio of 16, Figure 7b shows the specific work output delivered by the gas turbine, viewed as a function of turbine inlet temperature. The turbine has a critical temperature of 1100˝C at point D. This maximum corresponds to the minimum fuel flow rate, as well as to the maximum thermal and exergetic efficiencies and therefore to the minimum gas turbine exergoeconomic operation costs. For a turbine inlet temperature range below 1100˝C, the gas turbine's exergoeconomic operation costs are mainly affected by the exergoeconomic operation costs of the turbine, followed by those of the compressor. However, for a turbine inlet temperature above 1100˝C, the combustion chamber exergoeconomic operation costs contribute the most to the gas turbine exergoeconomic operation costs. Figure 8 presents the effect of the exhaust gases temperature (EGT) on the fuel flow rate and environmental and human toxicity indexes profiles, for a turbine inlet temperature of 1300˝C ( Figure 8a ) and a compressor pressure ratio of 16 ( Figure 8b ). For a turbine inlet temperature of 1300˝C, Figure 8a shows that when the compressor pressure ratio increases the fuel flow rate decreases, leading to a reduction in the exhaust gas temperature and in the contaminant gases mass flow rate, resulting in a decreasing profile of the environmental and human toxicity indexes. The behavior of the indexes is similar to the profile of the fuel flow rate, i.e., by using gas turbines with a high compressor pressure ratio the environmental impact can be reduced. However, in a combined cycle plant, the exhaust gas temperature must be greater than 600˝C and the compressor pressure ratio is not necessarily large. Figure 8b shows that, for a compressor pressure ratio of 16, the exhaust gas temperature can exceed 600˝C without severely impacting the environmental and human toxicity indexes. Figure 8 shows the computed values of global warming index is within the intervals reported by Turconi, corresponding to 380-1000 g CO 2 eq {kWh, while the computed values for the acid rain index are greater than those reported by Turconi at 0.01-0.32 g SO 2 eq {kWh. Almost all the smog formation indexes calculated in this work are within the interval reported by Turconi [24] , which correspond to 0.2-3.8 g NOx eq /kWh; however, a turbine inlet temperature of 1300˝C and compressor pressure ratios lower than 15.51, the computed values for this index, are greater than those reported by Turconi. The human toxicity index performed in this study is within the interval of 96.26ˆ10´5-98.26ˆ10´5 g Pb eq /kWh, and, at this time, no interval for this index has been reported in the literature.
indexes is similar to the profile of the fuel flow rate, i.e., by using gas turbines with a high compressor pressure ratio the environmental impact can be reduced. However, in a combined cycle plant, the exhaust gas temperature must be greater than 600 °C and the compressor pressure ratio is not necessarily large. Figure 8b shows that, for a compressor pressure ratio of 16, the exhaust gas temperature can exceed 600 °C without severely impacting the environmental and human toxicity indexes. Figure 8 shows the computed values of global warming index is within the intervals reported by Turconi, corresponding to 380-1000 gCO2 eq/kWh, while the computed values for the acid rain index are greater than those reported by Turconi at 0.01-0.32 gSO2 eq/kWh. Almost all the smog formation indexes calculated in this work are within the interval reported by Turconi [24] , which correspond to 0.2-3.8 gNOx eq/kWh; however, a turbine inlet temperature of 1300 °C and compressor pressure ratios lower than 15.51, the computed values for this index, are greater than those reported by Turconi. The human toxicity index performed in this study is within the interval of 96.26 × 10 −5 -98.26 × 10 −5 gPb eq/kWh, and, at this time, no interval for this index has been reported in the literature.
Comparison between the Actual Operating Condition and the Design, Maximum Work Output, and Minimum Fuel Flow Rate Conditions
The gas turbine Grassmann diagrams for the actual operating condition (point A), design condition (point B), maximum specific work output condition (point C), and minimum fuel flow rate condition (point D) are presented in Figure 9 . This figure shows that for all the listed operation conditions considered in this work, the exergetic losses produced by the irreversibility of the natural gas combustion correspond to 12.62%. The highest exergetic losses occur when the exhaust gases are released into the environment and the gas turbine component with the highest irreversibility is the 
The gas turbine Grassmann diagrams for the actual operating condition (point A), design condition (point B), maximum specific work output condition (point C), and minimum fuel flow rate condition (point D) are presented in Figure 9 . This figure shows that for all the listed operation conditions considered in this work, the exergetic losses produced by the irreversibility of the natural gas combustion correspond to 12.62%. The highest exergetic losses occur when the exhaust gases are released into the environment and the gas turbine component with the highest irreversibility is the combustion chamber. However, the lower exergetic losses of releasing the exhaust gases correspond to the design condition (see Figure 9b) . Moreover, the operating condition with the lowest fuel consumption has the greatest fuel exergy exploitation to generate power and the highest gas turbine exergetic efficiency, corresponding to 36.79% (see Figure 9d) . 
Comparison between the Design Condition (Point B) and the Actual Operating Condition (Point A)
By decreasing the turbine inlet temperature from 1400 °C (point B) to 1300 °C (point A) and keeping constant the compressor pressure ratio of 16 (points A and B), as shown in Table 11 as well as in Figure 10a , the fuel flow rate decreases by 0.72%, the specific work output is reduced by 11.76%, and both the gas turbine thermal and the exergetic efficiencies increase by 0.72%. The increment in the gas turbine exergetic efficiency is mainly due to the increase in the combustion chamber exergetic efficiency, while the compressor exergetic efficiency does not show a change and the turbine exergetic efficiency decreases by 0.21%, as can be seen in Table 12 . The gas turbine exergoeconomic operation cost decreases by 2.20%, since the combustion chamber exergoeconomic operation cost is reduced by 12.04% although the compressor and turbine exergoeconomic operation costs increase by 12.51% and 11.548%, respectively (see Figure 10b and Table 12 ). The global warming and the human toxicity index increase by 0.0065% and 5.75%, respectively, while the acid rain and smog formation indexes decrease by 0.2882 and 0.0875%, respectively. 
By decreasing the turbine inlet temperature from 1400˝C (point B) to 1300˝C (point A) and keeping constant the compressor pressure ratio of 16 (points A and B), as shown in Table 11 as well as in Figure 10a , the fuel flow rate decreases by 0.72%, the specific work output is reduced by 11.76%, and both the gas turbine thermal and the exergetic efficiencies increase by 0.72%. The increment in the gas turbine exergetic efficiency is mainly due to the increase in the combustion chamber exergetic efficiency, while the compressor exergetic efficiency does not show a change and the turbine exergetic efficiency decreases by 0.21%, as can be seen in Table 12 . The gas turbine exergoeconomic operation cost decreases by 2.20%, since the combustion chamber exergoeconomic operation cost is reduced by 12.04% although the compressor and turbine exergoeconomic operation costs increase by 12.51% and 11.548%, respectively (see Figure 10b and Table 12 ). The global warming and the human toxicity index increase by 0.0065% and 5.75%, respectively, while the acid rain and smog formation indexes decrease by 0.2882 and 0.0875%, respectively. 
Comparison between the Actual Operating Condition (Point A) and the Maximum Specific Work Output Condition (Point C)
By changing the compressor pressure ratio from 16 (point A) to 15.21 (point C), for a turbine inlet temperature of 1300 °C (points A and C), Table 11 and Figure 10a show that 1.18% more fuel flow is required to increase by 0.003% the specific work output, such that the maximum specific work output is reached. This change results in a decrement of 1.17% of the gas turbine thermal and exergetic efficiency. From Table 12 , it can be observed the decrease in the gas turbine exergetic efficiency is a consequence of a reduction in the exergetic efficiency of the compressor and combustion By changing the compressor pressure ratio from 16 (point A) to 15.21 (point C), for a turbine inlet temperature of 1300˝C (points A and C), Table 11 and Figure 10a show that 1.18% more fuel flow is required to increase by 0.003% the specific work output, such that the maximum specific work output is reached. This change results in a decrement of 1.17% of the gas turbine thermal and exergetic efficiency. From Table 12 , it can be observed the decrease in the gas turbine exergetic efficiency is a consequence of a reduction in the exergetic efficiency of the compressor and combustion chamber even though the turbine exergetic efficiency increases by 0.04%. To reach the condition of maximum specific work output leads to a higher gas turbine exergoeconomic operation cost, since the exergoeconomic operation costs of the compressor and the combustion chamber are increased by 0.024% and 4.21%, respectively, and the turbine exergoeconomic operation costs decrease by 1.11% (see Figure 10b and Table 12 ). As shown in Figure 10b and Table 12 , the price of reaching the maximum specific work output condition is not only economic, since all the environmental and human toxicity indexes increase. For a compressor pressure ratio of 16 (points A and D), Table 11 and Figure 10b show that the change in the turbine inlet temperature from 1300˝C (point A) to 1100˝C (point D) causes a decrease in a 0.48% of fuel flow rate, as a consequence of a specific work output drop of 26.18%, and a rise in the gas turbine thermal and exergetic efficiencies of 0.48%. Table 12 shows that the compressor exergetic efficiency remains constant while the combustion chamber exergetic efficiency increases by 5.04%, at the same time as the turbine exergetic efficiency decreases by 0.53%. Figure 10b and Table 12 show that a condition of minimum fuel flow rate and maximum thermal efficiency for a compressor pressure ratio of 16 leads to a lower gas turbine exergoeconomic operation cost, due to the reduction of the combustion chamber's exergoeconomic operation costs by 32.11% (although the exergoeconomic operation costs of the compressor and turbine increase by 34.81% and 32.48%, respectively). As shown in Figure 10b and Table 12 , the condition of point D corresponds to the condition that impacts the environment least, since all the environmental and human toxicity indexes present a decrement.
Influence of the Natural Gas Spot Prices in Mexico on the Exergoeconomic Operation Costs of the Gas Turbine and Their Components
The natural gas spot price historical data in Mexico from January 2013 to March 2016 are presented in Figure 11a . The natural gas price has fluctuations over time, and these fluctuations influence in the same way the exergoeconomic operation costs of the gas turbine and its components, the electrical power exergoeconomic production costs, and the residue exergoeconomic costs, as shown in Figure 11b -d. Even though there are monthly changes in the price of natural gas, the compressor, combustion chamber, and turbine always contribute 18.96%, 53.02%, and 28%, respectively, to the gas turbine exergoeconomic operation costs (Figure 11b ). chamber even though the turbine exergetic efficiency increases by 0.04%. To reach the condition of maximum specific work output leads to a higher gas turbine exergoeconomic operation cost, since the exergoeconomic operation costs of the compressor and the combustion chamber are increased by 0.024% and 4.21%, respectively, and the turbine exergoeconomic operation costs decrease by 1.11% (see Figure 10b and Table 12 ). As shown in Figure 10b and Table 12 , the price of reaching the maximum specific work output condition is not only economic, since all the environmental and human toxicity indexes increase.
Comparison between the Actual Operating Condition (Point A) and the Minimum Fuel Flow Rate Condition (Point D)
For a compressor pressure ratio of 16 (points A and D), Table 11 and Figure 10b show that the change in the turbine inlet temperature from 1300 °C (point A) to 1100 °C (point D) causes a decrease in a 0.48% of fuel flow rate, as a consequence of a specific work output drop of 26.18%, and a rise in the gas turbine thermal and exergetic efficiencies of 0.48%. Table 12 shows that the compressor exergetic efficiency remains constant while the combustion chamber exergetic efficiency increases by 5.04%, at the same time as the turbine exergetic efficiency decreases by 0.53%. Figure 10b and Table  12 show that a condition of minimum fuel flow rate and maximum thermal efficiency for a compressor pressure ratio of 16 leads to a lower gas turbine exergoeconomic operation cost, due to the reduction of the combustion chamber's exergoeconomic operation costs by 32.11% (although the exergoeconomic operation costs of the compressor and turbine increase by 34.81% and 32.48%, respectively). As shown in Figure 10b and Table 12 , the condition of point D corresponds to the condition that impacts the environment least, since all the environmental and human toxicity indexes present a decrement.
Influence of the Natural Gas Spot Prices in Mexico on the Exergoeconomic Operation Costs of the Gas Turbine and Their Components
The natural gas spot price historical data in Mexico from January 2013 to March 2016 are presented in Figure 11a . The natural gas price has fluctuations over time, and these fluctuations influence in the same way the exergoeconomic operation costs of the gas turbine and its components, the electrical power exergoeconomic production costs, and the residue exergoeconomic costs, as shown in Figure 11b -d. Even though there are monthly changes in the price of natural gas, the compressor, combustion chamber, and turbine always contribute 18.96%, 53.02%, and 28%, respectively, to the gas turbine exergoeconomic operation costs (Figure 11b ). In agreement with the authors' experience, some economic and practical techniques to reduce the impact of the exergoeconomic costs due to the fluctuations of the price of natural gas are to implement:
• An air-cooled condenser fogging system at the compressor entrance, to enhance the compressor performance, reduce the irreversibilities in the compressor, as well as in the combustion chamber, and consequently to bring down the exergoeconomic operation costs of these components and therefore the gas turbine exergoeconomic operation costs.
• A steam injection system in the combustion chamber reduces the fuel consumption, impacting favorably the environmental and human toxicity indexes, the electrical power exergoeconomic production costs, and the residue exergoeconomic costs. Moreover, this action disfavors NOx production.
• A heat recovery steam generator, to couple the gas turbine to a steam cycle in a combined cycle system, in order to reduce the residue exergoeconomic cost.
Conclusions
In this paper a methodology to carry out an exergoeconomical-environmental analysis of the gas turbine M501F3 is developed, based on a parametric analysis of the performance, exergoeconomic, environmental, and human toxicity indexes, and taking the compressor pressure ratio and the inlet gas turbine temperature as the parameters. The aim of this methodology is to provide a tool to diagnose the gas turbine performance and to determine possible actions that would lead to an improvement in the exergoeconomic, environmental, and human toxicity indexes. The application of this methodology can be extended, without loss of generality, to other energetic systems.
For the gas turbine cycle, the exergetic efficiency and the thermal efficiency are proportionally related to the dimensionless exergetic temperature, while the exergoeconomic operation cost is proportional to the factor (1 − ηexGT) and to the natural gas price. The environmental and human toxicity indexes are also related to the exergetic efficiency, proving that all the indexes presented in this work are closely related via the gas turbine exergetic efficiency.
The parametric analysis, taking the turbine inlet temperature and the compressor pressure ratio as the parameters, allows us to conclude generally that for a turbine inlet temperature, the specific work output delivered by the gas turbine has a critical compressor pressure ratio maximizing it. This leads to two different compressor pressure ratios associated with the same specific work output. However, these points also have different thermal and exergetic efficiencies, as well as different exergoeconomic operation costs. On the other hand, for a given compressor pressure ratio, the gas turbine exergetic efficiency accepts a turbine inlet temperature maximizing its exergetic efficiency. This critical temperature also minimizes the fuel flow rate by keeping the compressor pressure ratio Figure 11 . (a) Natural gas spot prices in Mexico and their influence on (b) the exergoeconomic operation costs of the gas turbine and its components; (c) the electrical power exergoeconomic production costs; and (d) the residue exergoeconomic costs for the actual operating conditions.
In agreement with the authors' experience, some economic and practical techniques to reduce the impact of the exergoeconomic costs due to the fluctuations of the price of natural gas are to implement:
‚
An air-cooled condenser fogging system at the compressor entrance, to enhance the compressor performance, reduce the irreversibilities in the compressor, as well as in the combustion chamber, and consequently to bring down the exergoeconomic operation costs of these components and therefore the gas turbine exergoeconomic operation costs.
‚ A steam injection system in the combustion chamber reduces the fuel consumption, impacting favorably the environmental and human toxicity indexes, the electrical power exergoeconomic production costs, and the residue exergoeconomic costs. Moreover, this action disfavors NO x production.
‚ A heat recovery steam generator, to couple the gas turbine to a steam cycle in a combined cycle system, in order to reduce the residue exergoeconomic cost.
Conclusions
For the gas turbine cycle, the exergetic efficiency and the thermal efficiency are proportionally related to the dimensionless exergetic temperature, while the exergoeconomic operation cost is proportional to the factor (1´η exGT ) and to the natural gas price. The environmental and human toxicity indexes are also related to the exergetic efficiency, proving that all the indexes presented in this work are closely related via the gas turbine exergetic efficiency.
The parametric analysis, taking the turbine inlet temperature and the compressor pressure ratio as the parameters, allows us to conclude generally that for a turbine inlet temperature, the specific work output delivered by the gas turbine has a critical compressor pressure ratio maximizing it. This leads to two different compressor pressure ratios associated with the same specific work output. However, these points also have different thermal and exergetic efficiencies, as well as different exergoeconomic operation costs. On the other hand, for a given compressor pressure ratio, the gas turbine exergetic efficiency accepts a turbine inlet temperature maximizing its exergetic efficiency. This critical temperature also minimizes the fuel flow rate by keeping the compressor pressure ratio constant. The gas turbine exergoeconomic operation cost and the fuel flow rate decrease when the turbine inlet temperature decreases.
For the assumed natural gas composition and dead state temperature, the irreversibility generated in the combustion chamber represents 12.62% of the gas turbine exergetic losses. These irreversibilities are related to the adiabatic flame temperature, which in turn depends on the fuel gas composition, and the dead state temperature corresponds generally to the ambient temperature. The fuel gas composition is then a very important variable to control the performance, exergoeconomic, environmental, and human toxicity indexes. From a practical point of view, the proper operation and maintenance of the fuel gas conditioning system and the combustion chamber are critical to avoid increasing the irreversibilities in the combustion chamber. Since the combustion chamber is the gas turbine component that presents the highest irreversibility, and the exhaust gases are the main source of exergetic losses, thus, this gas turbine component has the lowest exergetic efficiency, as well as the highest exergoeconomic operation costs.
In this work, the environmental and human toxicity indexes are explicitly expressed in terms of the fuel flow rate and the gas turbine exergetic efficiency, allowing us to describe and monitor the impact of the gas turbine performance on the environment and human health. The global warming and smog formation index computed in this work are within the ranges reported by Turconi, while the acid rain index is outside of the intervals reported by the same author. In the literature, the human toxicity index is commonly determined for chemical processes; however, it has not been computed for power generation cycles. The estimation of this index is thus a contribution of this work.
For the analysis of the gas turbine M501F3, the operating condition corresponding to a compressor pressure ratio of 16 and a turbine inlet temperature of 1100˝C (point D), presents the best performance (energetic), exergoeconomic, environmental, and human toxicity indexes. This point is associated with the lowest fuel consumption and therefore presents the highest gas turbine thermal and exergetic efficiencies, the lowest gas turbine exergoeconomic operation costs, and the lowest environmental and human toxicity indexes. However, the gas turbine cannot be coupled with a steam cycle, because the exhaust gases temperature related to this operation condition is 493.31˝C.
